The bacterium Helicobacter pylori causes chronic gastritis, which may progress to gastric or duodenal ulcers, gastric atrophy, mucosa-associated lymphoid tissue lymphoma, and adenocarcinoma (26) .
This pathogen is unique among bacteria in its ability to persist in the harsh environment of the human stomach characterized by a combination of hydrochloric acid and different acidic aspartate proteases, historically referred to as pepsins (9) . Although this bactericidal barrier protects the organism from microbes, H. pylori can colonize the gastric mucus.
Gastric proteases have been divided into three classes, namely, pepsin A and C, chymosin and the intracellular cathepsin E, each secreted as a proenzyme and activated at low pH values. Pepsin A (pepsin I) and pepsin C (pepsin II) are the dominant proteases in the human stomach. All of these isoenzymes exponentially lose proteolytic activity when pH values are above their pH optimum of between 2.0 and 3.8 (4, 5, 14, 22) . The pH in the human stomach lumen varies between basal values of ϳ1 to more neutral values after a meal (postprandial pH values). Although in adults the luminal pH rarely exceeds 5.5 (8) , infants have a different pH profile. It was shown by 24-h pH-metry that the pH increases from basal values of 2 to pH 7 after breast feeding (17) . Thus, the postprandial peptic activity in adults is higher than in children.
The specific conditions for a successful Helicobacter infection are still unknown. We do know, however, that motility is essential for H. pylori to initially colonize and chronically infect the gastric mucus (6, 7, 12, 19) . The loss of motility of a bacterium in the lumen is therefore equivalent to its inability to colonize the mucus layer.
To simulate the process of colonization in the human stomach, we used the Mongolian gerbil, a well-established model for the study of H. pylori infection. Gerbils have luminal pH values similar to those in the human stomach (mean basal pH 1.4 [unpublished data] ). In addition, the pathology that H. pylori induces in gerbils is very similar to that observed in humans (gastritis, ulcers, carcinoma, and lymphoma) (11, 28) . Eradication of the bacterium can be achieved by the same treatment successfully used in humans (13) .
In order to describe the phase of colonization from oral ingestion to invasion of the mucus, we inoculated highly motile bacteria into the stomach of anesthetized gerbils at defined postprandial pH values and measured bacterial motility. We found a rapid loss of motility under in vivo conditions. To investigate the possible role of pepsin in the observed immotilization, we conducted a second series of experiments in which the inhibitor pepstatin inactivated all pepsins present in the stomach of the anesthetized animal. Consequently, it was possible to distinguish between the bactericidal effect of a low pH and the additional effect of pepsin.
MATERIALS AND METHODS

Experimental techniques. (i)
H. pylori culture. We chose H. pylori N6 wild type, which is a highly motile strain isolated from a gastritis patient in France (16) . H. pylori frozen cultures were thawed and plated on 10% defibrinated horse blood agar containing H. pylori-selective supplement (Oxoid, Basingstoke, United Kingdom) and incubated at 37°C for 72 h in a microaerobic atmosphere (Anaerocult C; Merck, Darmstadt, Germany). For suspension of the bacteria, colonies from the plates were suspended in 2 ml of sterile brain heart infusion (BHI) broth. Subsequently, 10 ml of BHI broth, supplemented with 6% fetal calf serum and H. pylori-selective antibiotics (vancomycin, 10 mg/ml; polymyxin B, 3.2 mg/ml; trimethoprim, 5 mg/ml; amphotericin B, 4 mg/ml), was inoculated with the bacterial suspension. The broth was incubated in a microaerobic environment at 37°C for 24 h (12). For both in vivo and in vitro experiments, samples from this bacterial suspension with a density of 10 6 to 10 8 bacteria/ml were used. Before we introduced the bacteria into the gastric lumen, 5 ml of BHI in which the bacteria were cultured were replaced by 100 l of brucella broth through centrifugation and resuspension. The density of the samples used was ca. 10 9 bacteria/ml.
(ii) Assessment of motility. Before an experiment was started, motility was measured by exposing a sample of the bacterial suspension for 30 min at a test pH of 5. Only bacterial suspensions in which more than 80% of the bacteria were motile after 30 min (pH 5) were used in the experiments. Here, as in all experiments, the motility was measured by counting the number of motile and immotile bacteria under the microscope (DMIRB, 100-fold apochromatic waterimmersion lens; Leica, Microsystems, Wetzlar, Germany) at 1,000-fold magnification in the bright field. Portions (2 l) of the bacterial suspension were enclosed in a small slide chamber (Menzel Gläser, Braunschweig, Germany). The temperature of the sample was held at 37°C by using a small ring that heated the water between coverslip and lens (manufactured by the Institute of Physiology). The bacterial sample was never allowed to make contact with the ambient air. In the stomach the superfusing solution was saturated with a gas containing 5% O 2 , 10% CO 2 , and 85% N 2 . During the process of filling the slide chamber with the bacterial suspension, a gas flow of this mixture was applied over the slide. We kept the time between collecting the sample from the gastric juice and counting the bacteria under the microscope to less than 1 min. Motility was expressed as the percentage of motile bacteria from total bacteria, and at least 100 bacteria were counted in each sample.
(iii) Anesthesia and stomach preparation. We used specific-pathogen-free Mongolian gerbils (45 to 75 g, Crl:(MON)BR, Charles River, Germany, Sulzfeld, Germany) for in vivo experiments. All experiments were carried out under general inhalation anesthesia. The animals spontaneously breathed a mixture of halothane in 60% O 2 , 2% CO 2 , and 38% N 2 O in a semiclosed system. The anesthesia was performed with the aim of maintaining a stable blood supply to the stomach, which was monitored by observing the color of the gastric mucosa and the diameter of the vena gastrica dextra. Heart rate and respiratory frequency were also continuously monitored. The arterial oxygen saturation and acid/base status were measured at the end of the experiment as: sO 2 , 99% Ϯ 3%; pCO 2 , 42 Ϯ 9 mm Hg; HCO 3 Ϫ , 26 Ϯ 1.4 mM; arterial blood pH, 7.39 Ϯ 0.05 and hemoglobin concentration, 140 Ϯ 1.4 g/liter (mean Ϯ the standard deviation [SD] ).
The animals were peritoneally dialyzed with a slightly hyposmolar solution to increase the total blood volume and the blood supply to the gastrointestinal tract (for a detailed description, see reference 24). The surgical procedure was a laparotomy using microsurgical equipment. With a radiofrequency electro-cautery device (Erbotom; Erbe, Tübingen, Germany), we made a subcostal incision in the skin. The abdominal wall was opened with a battery-driven high-temperature electro-cauterizer (small vessel cauterizer; Fine Science Tools, North Vancouver, Canada). The stomach was carefully lifted onto the platform of a micromanipulator. A metal pin on the platform, which perforated the ligamentum gastrohepaticum without touching the vena and arteria gastrica dextra, fixed the stomach onto the micromanipulator, exerting very little tension. Afterward, the stomach was opened at its ventral side by using again the radiofrequency electrocauterizer with a small needle that produced a sharp spark. Small vessels that were cut were cauterized by using a small bipolar forceps. The gastric chymus was gently removed by using a suction catheter without touching the mucosal surface. The animals were left for at least half an hour until about half a milliliter of new gastric juice was secreted. The body temperature of the anesthetized Mongolian gerbil was held constant by using a heated chamber and an infrared lamp. All fluids were warmed to a temperature of 37°C before they reached the animal. The total observation time under continuous anesthesia was 2.5 h.
The luminal pH was continuously monitored by using a small pH electrode (InLab 423; Mettler-Toledo, Giessen, Germany). An autotitrator (ABU 80; Radiometer, Copenhagen, Denmark) was used to titrate and maintain the selected pH in the lumen. To ensure that the measured pH was the actual pH in the entire lumen, a small stirrer was inserted into the lumen to mix the luminal content (Fig. 1) . The experimental protocol was approved by the institutional committee for the research involving animals (Bezirksregierung Arnsberg).
(iv) Chymus purification. To obtain pepsins from the gastric juice of the Mongolian gerbil, the chymus was extracted and purified. The gerbils were sacrificed, and the chymus immediately removed from the stomach and placed on ice. A sample of 500 l of chymus was mixed with 1 ml of 20 mM sodium citrate buffer to a pH of 5.5. The samples were homogenized for 1 min and then centrifuged for 5 min at 5,000 ϫ g. The supernatant was put through a Sephadex G-100 column, and the eluate (Ͻ50 kDa) was centrifuged for 5 min at 10,000 ϫ g. The supernatant obtained was concentrated by using a Vivaspin centrifugal concentrator (Vivascience, Hannover, Germany) selective for particles of 10 kDa. All procedures were carried out on ice or at 4°C. This purified extract was tested by high-pressure liquid chromatography and showed peaks in the region of those of commercially available pepsins. The enzymatic activity of the extract was tested by using the Anson hemoglobin degradation test. We found most of the protein content of the extract to be enzymatically active pepsin. To measure pepsin activity in the purified chymus extract and in the gastric lumen, we used the definition that one unit of pepsin will produce an increase of 1.0 in photometric absorption (1-cm pathway) at a wavelength of 280 nm, measuring the trichloroacetic acid-soluble products of hemoglobin. The measurements were performed in accordance with the conditions determined by Anson (2) at the appropriate pH of 2 and at the higher pH of 5. Since the Anson test defines one unit of pepsin activity at the fixed pH value of 2, we refer to the activities determined at pH 5 as units* (U*).
To allow for the measurement of small amounts of pepsin, we modified the Anson test, with test volumes decreased 20-fold and the incubation times increased from the predefined time of 10 min up to 30 min. Extending incubation times had the disadvantage that the activity of pepsin decreased due to its autocatalytic activity. We measured pepsin activity at 10 and 30 min and found this decrease in activity to be constant. From these experiments, we obtained a multiplication factor of 1.2, which corrects the activity value measured at 30 min to the value at 10 min.
Experimental protocol. (i) Motility in vitro. The motility of H. pylori was tested in vitro at each pH value between 2.0 and 6.0. The test was performed in 100 l of brucella medium (ϳ10 8 motile bacteria) incubated in a microaerobic atmosphere (5% O 2 , 10% CO 2 , 85% N 2 ). The pH of the bacterial suspension was measured by using a small pH electrode (InLab 423; Mettler-Toledo) and titrated to the test pH values of 2.0, 3.0, 4.0, 4.5, 5.0, 5.5, and 6.0 by using an autotitrator. The titration solution contained 0.25 N HCl and 100 mM urea, producing an end concentration of ca. 10 mM urea in the brucella. A small gas lift was used to mix the bacterial suspension. For each pH value, the motility in The stomach of an anesthetized gerbil was lifted onto a micromanipulator. Through a small incision a combination micro pH electrode, a stirrer, and the tube of the autotitrator were inserted into the antrum region of the stomach. Then, 50 l of the bacterial suspension were added to 0.5 to 1 ml of gastric juice. A gas flow of 5% O 2 , 10% CO 2 , and 85% N 2 was applied over the opened stomach to maintain a microaerobic climate. The pH electrode continuously measured the luminal pH and the autotitrator held the pH at the test value by applying 0.25 N HCl and 100 mM urea. The stirrer ensured efficient mixing of the luminal content. During the experiment the stomach wall was covered by wet cotton wool. (iii) Pepsin inactivation to determine whether loss of motility is reversible. To investigate whether bacteria that had become immotile by exposure to the conditions in the gastric juice could regain their motility, a second 2-l sample, taken at the same time as the above samples, was introduced into brucella medium at pH 7.0. Motility was measured after 5 min in this solution. At this pH all pepsins are inactivated.
(iv) Test of viability. In an additional series of experiments, bacteria were cultured in vitro after being exposed to the gastric juice of the anesthetized animal at luminal pH values of 4 and 2. The bacteria remaining in the gastric lumen after the 15 min of exposure were counted. The amount of gastric juice containing 10 6 bacteria (100 to 500 l) was used to culture the bacteria in vitro. The irreversibly immotile bacteria were plated on 10% defibrinated horse blood agar containing H. pylori-selective supplement (Oxoid) and incubated at 37°C for 4 days in a microaerobic atmosphere (Anaerocult C; Merck). The bacteria were diluted in decimal powers from 1:10 to 1:10 6 (agar dilution test). The number of bacteria counted in the gastric juice was compared to the number of colonies growing after plating (i.e., the number of CFU). The colonies were tested for urease activity, and only urease-positive colonies were counted.
(v) Motility in vivo after pepsins were blocked. To investigate the effect of pepsins on bacterial motility, similar experiments were performed, but the pepsin in the stomach was inactivated by rinsing the stomach with pepstatin (20) (100 l of a 2-mg/ml stock solution). Samples were taken and analyzed for bacterial motility at the test pH values of 2.0, 3.0, 4.0, 4.5, and 5.0 and at the same periods after application of the bacterial suspension as in the experiments with active pepsins.
(vi) Effects of purified pepsins on motility in vitro. We incubated 100 l of a bacterial suspension just as in the other tests for in vitro motility. The bacterial suspension was titrated down to a pH of 5.0 and held there by the autotitrator. To this suspension, 10 l of purified pepsins from chymus was added, resulting in an activity of 100 U*/ml. At intervals of 1, 2, 5, 10, and 15 min, 2-l portions of the bacterial suspension were taken for measurement of the motility.
RESULTS
Motility in vitro.
Between the pH values of 4 and 6 in the bacterial suspension, the motility of H. pylori remained constant over the 15-min test period. At least 80% of the bacteria were motile after 15 min of exposure to acid. At the pH values of 2 and 3, the motility decreased over the 15 min under the in vitro conditions. In Fig. 3 to 6 the motility in vitro at the given pH values is indicated by gray bars.
Motility in vivo. In the in vivo experiments (n ϭ 5 for each pH) 2-l samples were taken from the gastric juice after the insertion of the bacteria. At the pH values of 2.0 and 3.0, almost 100% of the bacteria were immotile within the first minute. Also at pH 4.0, no motile bacteria were detected after 2 min. The loss of bacterial motility at pH 4.5 was similar to that seen at pH 4.0 but at a reduced rate; 90% of the bacteria had already lost their motility after 1 min. At pH 5.0, the pattern of motility loss was similar again, but with an even longer delay. Even after 15 min of exposure, several bacteria remained motile. A continuous decrease in bacterial motility could also be observed at pH 5.5, but 10% of the bacteria were motile after 15 min of exposure. At pH 6.0, the loss of bacterial motility was minimal within the first 10 min, and after 15 min, more than 50% of the bacteria were still motile in the lumen (Fig. 3 and 4, black bars) .
Irreversible loss of motility by pepsin and acid. A second sample was taken for all in vivo experiments at each respective time point and pH and was immediately mixed with buffered brucella broth (pH 7) to inactivate pepsins. Nevertheless, the immotile bacteria did not regain their motility; the loss of bacterial motility was irreversible.
Viability of immotile bacteria. The bacteria remaining in the gastric lumen after the 15 min of exposure were counted. The amount of gastric juice containing 10 6 bacteria was used to culture the bacteria in vitro. We tested whether bacteria were able to grow after exposure to the luminal pH 2 and 4 in the presence of pepsin (normal gastric juice) in an agar dilution test. Even though the bacteria had been shown to be irreversibly immobilized under these conditions, we could show that all bacteria exposed to pH 4 were still viable and formed colonies. The 10 6 immotile H. pylori collected from the gastric juice produced 10 6 colonies (n ϭ 3). However, 15 min of exposure to the gastric juice at pH 2 reduced the number of CFU significantly from 10 6 to 10 3 (n ϭ 3), and increasing the exposure time in the natural gastric juice at this pH to 30 min killed all of the bacteria (n ϭ 3).
Motility in vivo after blocking of pepsins. We used pepstatin to block pepsins in the gastric lumen in vivo. The bacterial motility in the pepstatin-treated gastric juice was measured at the pH values of 2.0, 3.0, 4.0, 4.5, and 5.0 (n ϭ 5 for each pH). The bacteria remained motile significantly longer than in the in vivo experiments without pepstatin (Fig. 5) . Since the bacterial motility at the luminal pH of 6.0 was only slightly reduced under the natural conditions, we did not perform experiments with pepstatin at this pH.
Effects of purified pepsins on motility in vitro. Native gerbil chymus contained ca. 100 U* of pepsins per milliliter at pH 5   FIG. 2 . Setup for the measurement of bacterial motility in vitro. To test the bacterial motility in vitro, 100 l of bacterial suspension was incubated in a reaction vial, which was inserted into a chamber of water maintained at 37°C. The pH in the suspension was measured by a combination pH-electrode and was automatically titrated by adding a solution of 0.25 N HCl and 100 mM urea. Another small tube was inserted into the reaction vial, which applied a gas flow of 5% O 2 , 10% CO 2 , and 85% N 2 . The small gas bubbles immediately surfaced and thus mixed the contents of the vial (gas lift). The remaining space in the chamber was filled with the same gas mixture, which subsequently left the chamber through a filtered outlet.
(2,200 U at pH 2). Thus, pepsins extracted from chymus were concentrated to an activity of 100 U* per ml of bacterial suspension in vitro. Bacteria mixed with extracted pepsins at pH 5.0 in vitro lost their motility as observed in vivo. Within the first minute, ca. 50% of the bacteria were immotilized and, after 15 min, the percentage of immotile bacteria had risen to Ͼ80% (Fig. 6 ).
DISCUSSION
The mechanism of H. pylori transmission and the factors that determine the transmissibility of this infection are largely unknown (10) . Our data show that the period of time during which H. pylori stays motile in the gastric lumen in vivo-a prerequisite for active tactic colonization of deeper layers of the mucus (22a)-is much shorter than that extrapolated from in vitro data (25) . The time to immotilization was strongly dependent on pepsin activity and pH. These findings suggest that it is the variability of the postprandial conditions in the gastric juice that determines the success of the Helicobacter colonization. The data presented here support a hypothesis that the susceptibility to acute Helicobacter infection is largely defined by the conditions in the stomach in the first few minutes after oral ingestion of the bacteria.
The gastric bactericidal barrier is formed by a combination of hydrochloric acid and different isoenzymes of the protease, pepsin. Pepsin isoenzymes show various pH optima between pH 2 and pH 4 (4, 3) . At pH values above the optimum, pepsin activity decreases exponentially with neutralization. Therefore, the luminal pH defines the activity of each of these isoenzymes. As a result of the dependence of pepsin activity on pH, it is difficult to distinguish between the influences of the activated protease and the bactericidal effect of acidity. We used the pepsin inhibitor, pepstatin, to differentiate between these two factors. It was possible to reveal the importance of pepsin in protecting the stomach from being colonized by H. pylori. When pepsin was inactivated, the bacteria remained motile in the acidic environment of the stomach for a significantly longer period of time. Therefore, motile persistence in vivo of H. pylori is closely related to the activity of pepsin, which in turn is determined by the pH in the gastric lumen. The interaction of pepsins and H. pylori in the stomach in vivo may occur in two phases: a first phase of rapid and irreversible loss of motility, after only a few minutes of exposure to active pepsins, which effectively hinders entry into the mucus and colonization, and a second phase at a lower pH (exposure of ca. 30 min and more) that will finally kill the bacteria remaining in the lumen. Since immotile bacteria are neither able to colonize the gastric mucus (6, 7, 12, 19) nor able to persist in the continuous flow of gastric mucus toward the lumen (23), rapid suppression of bacterial motility is a very effective strategy in mucosal defense.
Due to the high pepsin activity at pH values of less than 4, a colonization is hardly possible under these conditions. The situation is different for pH values greater than 6, at which the pepsin activity is nearly lost. At this pH, the bacteria remained motile significantly longer, making a colonization more likely.
In the stomach of the healthy adult, pH values range from 1 to 5 (8) . Short neutralizations to a pH higher than 5.5 are occasional postprandial occurrences. Nevertheless, it is very unlikely that these bouts of high pH enable H. pylori to establish an infection, since these events only last for a few minutes. Our data provide a causal explanation for the concept established by multiple epidemiological studies that the risk of Helicobacter infection appears to be low for adults, since their gastric environment consists of large amounts of pepsin activated by low pH values. In young infants, however, neutral pH values persist for up to an hour after breast feeding (17) , and pepsin secretion increases in the first months from low values until it reaches the adult values (1, 21) . The decreased pepsin activity during this period of time might give H. pylori the opportunity to colonize.
This provides a basis for the hypothesis that a specific group (Fig. 3 and 4) (Student t test, P Ͻ 0.05).
FIG. 6. Motility of H. pylori at pH 5.0 in vitro when mixed with 100 U* of pepsins/ml purified from gerbil chymus (u, without pepsin; ■, with pepsin). The loss of motility is similar to that seen in the in vivo experiment at pH 5 (Fig. 3) . The number of motile bacteria decreases continuously over time. of adults might have a higher risk of infection as well: the increasingly large group of patients treated by acid-suppressive therapy. It is known that long-term acid-suppressive therapy in H. pylori-infected patients causes a bacterial invasion into the corpus and fundus region (15, 18) , and infection by other pathogens seems to be more likely (27) . Despite the advances made regarding the pathogenesis of H. pylori in recent years, the conditions allowing a successful colonization of the gastric mucus should be further explored to expand our knowledge of the mechanisms of Helicobacter transmission.
